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Abstract
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The effective and sustained delivery of DNA and siRNAs locally would increase the applicability
of gene therapy in tissue regeneration and cancer therapy. One promising approach is to use
hydrogel scaffolds to encapsulate and deliver nucleotides in the form of nanoparticles to the
disease sites. However, this approach is currently limited by the inability to load concentrated and
active gene delivery nanoparticles into the hydrogels due to the severe nanoparticle aggregation
during the loading process. Here, we present a process to load concentrated and un-aggregated
non-viral gene delivery nanoparticles, using DNA/polyethylene imine (PEI) polyplexes as an
example, into neutral polyethylene glycol (PEG), negatively charged hyaluronic acid (HA) and
protein fibrin hydrogels crosslinked through various chemistries. The encapsulated polyplexes are
highly active both in vitro and in vivo. We believe this process will significantly advance the
applications of hydrogel scaffold mediated non-viral gene delivery in tissue regeneration and
cancer therapy.

Introduction
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The effective delivery of DNA and siRNAs locally would increase the applicability of gene
therapy in tissue regeneration and cancer therapy. For tissue regeneration, localized gene
delivery can be used to promote the expression of tissue inductive factors to be used as
signals to promote tissue formation [1,2]. For cancer therapy, localized gene delivery can be
used to induce cancer cell apoptosis [3]. Local gene delivery using hydrogel scaffolds has
been studied for nearly a decade primarily through the encapsulation of naked DNA during
hydrogel formation. Naked DNA has been successfully incorporated inside collagen [4],
pluronic-hyaluronic acid [5], PEG-poly(lactic acid)-PEG [6], alginate [7],
oligo(polyethylene glycol) fumarate [8] and engineered silk elastin [9]. Although naked
DNA has shown gene expression and ability to guide regeneration in vivo [4,10], limitations
with low gene transfer efficiency and rapid diffusion of the DNA from the hydrogel scaffold
motivated the use of DNA nanoparticles instead of naked DNA. Both viruses (viral delivery)
and chemical agents (non-viral delivery) can be used to condense DNAs or siRNAs into
nanoparticles that transport the nucleotides into cells [11]. Since tissue regeneration and
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cancer therapy only require temporal up- or down-regulation of genes, non-viral delivery
becomes greatly attractive. In addition, the non-viral approach has the following advantages
(1) large number of non-viral particles can be more readily produced than large number of
viruses, (2) repeat injections of non-viral particles are possible since they do not elicit severe
immune responses, (3) there is little risk of insertion mutagenesis and (4) large genes can be
condensed and delivered. DNA condensed either with cationic peptides, lipids, or polymers
has been introduced into fibrin [12–16], enzymatically degradable PEG hydrogels [17] and
PEG-hyaluronic acid [13] hydrogels. Among these agents, poly(ethylene imine) (PEI), a
cationic polymer that has been widely utilized for non-viral gene delivery, is considered a
gold standard when developing other non-viral vectors and designing delivery systems due
to its success in vitro and in vivo. PEI is able to condense DNA through electrostatic
interactions between the positively charged amines on the PEI and the negatively charged
phosphates on the DNA, forming nanoparticles (polyplexes) in the range of 50 to 200 nm
[18]. DNA/PEI polyplexes enter cells through endocytosis and are believed to escape the
endosome through endosomal buffering (the proton sponge hypothesis, [19–21]). PEI has
been successfully used in vivo delivering DNA or siRNA to the brain [22,23], lungs [24–27],
abdomen [28], and tumors [29–31]. Although DNA nanoparticles have been introduced into
various hydrogels, the current methodologies cannot load high concentrations of active
DNA nanoparticles because of the severe aggregations. Due to the soft, loose and charged
structures, non-viral gene delivery nanoparticles such as polyplexes and lipoplexes tend to
aggregate at high particle concentrations during their incorporation into hydrogels. Others
and we could only incorporate low amounts of DNA nanoparticles into hydrogels (for
instance, our previous results showed no more than 30µg DNA could be introduced into
100µL hydrogel) and shown low levels of gene transfer in vitro [12–16]. This motivated us
to develop effective approaches for introducing concentrated and un-aggregated non-viral
gene delivery nanoparticles into hydrogel scaffolds.
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Methods
Materials
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Peptides GCRDGPQGIWGQDRCG (HS-MMP-SH) and Ac-GCGWGRGDSPG-NH2
(RGD) were purchased from Genscript; Human fibrinogen, Bovine plasma thrombin and
Linear poly(ethylene imine) (25 kDa, PEI) were bought from Enzyme Research
Laboratories, Sigma and Polysciences, respectively. Vectors expressing mammalian secreted
alkaline phosphatase (pSEAP) and green fluorescent protein-luciferase (pEGFP-LUC) were
obtained from Genlantis and BD Biosciences, respectively. Vectors expressing vascular
endothelial growth factor (pVEGF) and beta-galactosidase (p-β-gal) were gifts from Prof.
Lonnie Shea’s laboratory (Northwestern University). All plasmids were expanded using a
Giga Prep kit from Qiagen. Four-arm PEG-vinyl sulfone (PEG-VS) was synthesized from
four-arm PEG-OH (20kDa, Nektar) as previously described [17]. Sodium hyaluronan (HA)
was a kind gift from Genzyme Corporation (60 KDa MW, Cambridge, MA). All other
chemicals were purchased from Fisher Scientific unless otherwise noted.
Hyaluronic acid modification
Acrylated hyaluronic acid (HA-AC) was prepared using a two-step synthesis. Hyaluronic
acid (1.0g, 0.017mmole, 60kDa) was reacted with 18.0 g (105.5mmole) adipic dihydrazide
at pH 4.75 in the presence of 2.0g (10.41mmole) 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC) overnight and purified through dialysis (8000 MWCO)
in DI water for 1 week. The purified intermediate (HA-ADH) was lyophilized and stored at
−20°C until used. 38.8% of the carboxyl groups were modified with ADH based on the
TNBSA assay. HA-ADH (1.0g, 0.014mmole) was reacted with N-Acryloxysuccinimide
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(0.75g, 4.4mmole) in HEPES buffer (pH 7.2) overnight and purified through dialysis in DI
water for 1week. All the primary amines were acrylated based on the TNBSA assay.
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Polyplex lyophilization
Plasmid DNA (1~500µg) and PEI or jetPEI or lipofectamine (1.95~978µg) were mixed in
3.5 mL water in the presence of 35 mg (0.10mmole) of sucrose (Ultra pure, MP
Biomedicals) and incubated at room temperature for 15 min. Agarose (1.0mg, UltraPureTM
Agarose, Tm = 34.5~37.5°C, Invitrogen) in 1.5 mL water was added before lyophilization.
Morphologies of lyophilized sucrose, agarose, polyplexes and their combinations were
studied with scanning electronic microscope (SEM, Hitachi S-4500) after gold sputtering.
Hydrogels synthesis and characterization
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To make PEG and HA hydrogels, lyophilized polyplexes were reconstituted with 100µL
PEG-VS or HA-AC solution (in 0.3 M TEOA, pH=8.0) containing crosslinker (HS-MMPSH) or photo initiator 2,2-Dimethoxy-2-phenylacetophenone (Sigma, 18mM) and gelled
either through incubating at 37°C for 30 min or shining with 365 nm UV for 1-min. To
make 100µL fibrin hydrogels, fibrinogen solution in PBS (5 mg/mL) was mixed with
lyophilized polyplexes and initiated to form gel at 37°C for 20 min with thrombin (2 U/mL).
All hydrogels were swelled in PBS for 2-hrs. The relative light translucency was recorded
with black field microscope (Observer Z1, Zeiss) under the same light intensity and
analyzed with Image J. To visualize the polyplexes’ distribution swelled gels were stained
with ethidium bromide (12 µM) for 2-hrs before imaging with confocal microscope (Leica
TCS SP MP). The storage and loss modulus were measured with a plate-to-plate rheometer
(AR2000, TA Instruments) under the constant strain of 0.05 and frequency ranging from 0.1
to 10 rad/s. The viscosity of gel precursor solution was obtained using the same rheometer
with shear rate varying from 0.1 to 1000 S−1. DNA released from hydrogels in PBS or
recovered from hydrogels after degradation in 0.25% trypsin was quantified with
HOECHST dye (H33258, [17]). Activities of lyophilized polyplexes or polyplexes
recovered from the degraded hydrogel were tested through bolus transfection of HEK293
and compared with freshly prepared polyplexes. Gels were dried in gradient ethanol solution
(25, 50, 75, 100%, each for 10min) and imaged with SEM. To test cell viability, 150,000 D1
cells (CRL12424, ATCC) were encapsulated inside a 5 µL fibrin clot (2 mg/mL fibrinogen
and 2 U/mL thrombin) and placed in a 6.5% MMP degradable PEG hydrogel modified with
200 µM RGD. At day 15, the gel was stained with the LIVE/DEAD kit (Molecular Probes)
to access the cell viability. To test gene transfer in 3D fibrin hydrogel, 100,000 NIH 3T3
cells were co-encapsulated with lyophilized polyplexes containing pSEAP in 100µL
hydrogel. Medium was collected at predetermined time points and the amount of SEAP
protein was quantified using Phospha-lightTM SEAP Reporter Gene Assay (Applied
Biosystems) as previously described [17].
Choriallantoic Membrane (CAM) angiogenesis assay
Fertilized chicken eggs were released into tissue culture dishes after 3-days of incubation in
a 38°C ventilated, humid egg incubator and were incubated in a sterile humid incubator at
37°C for another 10 days. Hydrogels with polyplexes were placed on the CAM away from
major veins and incubated for 3 additional days. Gross pictures were recorded (Stemi 2000C, Zeiss) before the embryo was infused with 1 mL of FITC-dextran (0.5 mg/mL in PBS,
Sigma). The CAM with hydrogel was cut and fixed in 4% paraformaldehyde for 2-hrs
before imaging with a fluorescent microscope (Observer Z1 Zeiss). Fixed CAMs were
immersed in 37°C X-gal solution (5mM Potassium ferricyanide, 5mM Potassium
ferrocyanide, 1mM MgCl2, 1mg/mL X-Gal (Gold Biotechnology) in PBS) for 24-hrs to
visualize the β-Gal expression, which was recorded with a color camera attached to a
dissecting microscope (Stemi 2000-C, Zeiss)
Biomaterials. Author manuscript; available in PMC 2011 December 1.
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Results
DNA/PEI Polyplexes Lyophilization and Characterization
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A process was developed to load concentrated and un-aggregated polyplexes into various
hydrogles. DNA/PEI polyplexes were prepared in the presence of sucrose and agarose,
lyophilized and reconstituted with the gel precursor solution (Fig. 1A). The activity of PEI/
DNA polyplexes after lyophilization was studied as a function of the concentration of
sucrose used during lyophilization. It was found that adding sucrose to polyplexes to a final
concentration of 20 mM was enough to protect the polyplex stability during lyophilization
(Fig. 1B), with lyophilized polyplexes resulting in the same transgene expression as
polyplexes that were formed immediately prior to transfection (Fresh). Adding more sucrose
(up to 500mM) did not result in any additional benefit or detriment to the efficiency of
transgene expression, with all sucrose concentrations resulting in the same level of transgene
expression as fresh polyplexes. For all subsequent lyophilized polyplexes, a sucrose
concentration of 20 mM was used. It was our hypothesis that increasing the viscosity of the
hydrogel precursor solution would result in slowing the motion of polyplexes inside the
hydrogel precursor solution, which would prevent their aggregation during gelation even
when a high concentration of polyplexes was used. Agarose was used to increase the
viscosity of the hydrogel precursor solution. Using plate-to-plate rheometry with a shear rate
ranging from 0.1 to 1000 S−1 at 25°C, we found the presence of agarose together with the
sucrose increased the viscosity of the hydrogel precursor solution from ~0.3 to ~73Pa.s at
low shear rate (Fig. 1C).
The morphology of lyophilized polyplex powder was studied using SEM (Fig. 2). Sucrose
and sucrose plus polyplexes exhibited a smooth and crystalline morphology (Fig. 2A,D),
while agarose and agarose plus polyplexes exhibited fibrilar morphology (Fig. 2B,E). The
combination of sucrose and agarose or sucrose, agarose and polyplexes resulted in the
formation of microfibers and microspheres (Fig. 2C,F). The morphology was not affected by
different concentrations of polyplexes or the N/P ratio used to form the polyplexes, with
100, 300 and 500 µg DNA (Fig. 2F–H) or N/P at 15 and 25 (Fig. 2F,K) resulting in similar
morphologies. Likewise, the morphology of the lyophilized three-component powder was
not affected by the increase of either sucrose or agarose, with 35 mg (20mM) and 70 mg
(40mM) sucrose (Fig. 2F,I) and 1 mg (0.02%) and 2 mg (0.04%) agarose (Fig. 2F,J)
resulting in similar morphologies. The morphology of a PEI/DNA loaded hydrogel was
analyzed through the serial dehydration of the hydrogel in ethanol. The hydrogel exhibited a
smooth surface with little texture (Fig. 2L).
In vitro characterization of high DNA loaded hydrogels
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DNA/PEI polyplexes were encapsulated inside hydrogels by mixing either freshly prepared
polyplexes (referred as regular polyplex encapsulation) or the lyophilized powder of the
polyplexes (referred as Caged Nanoparticle Encapsulation or CnE, and the resulting
hydrogels were called high DNA loaded hydrogels) with the gel precursors prior to
crosslinking. Four types of gel precursors were used (i) vinyl sulfone modified four arm
PEG and a dicysteine containing matrix metalloproteinase (MMP) labile peptide (PEG-VS/
MMP), (ii) PEG-diacrylate and a photoinitiator (PEG-AC/UV), (iii) acrylate modified
hyaluronic acid (HA-AC) and a dicysteine containing MMP labile peptide (HA-AC/MMP),
and (iv) fibrin. The distribution of polyplexes inside the hydrogel was characterized using
fluorescently stained polyplexes and confocal microscopy. The hydrogel scaffolds had
limited auto-fluorescence (data shown for PEG-VS/MMP, Fig. 3A). The encapsulation of
freshly prepared polyplexes containing 100 µg DNA at N/P ratios of 15 and 25 into PEGVS/MMP hydrogels resulted in severe polyplex aggregation, with some aggregates being
visible to the naked eye (Fig. 3B,C). Similarly the encapsulation of lyophilized powder

Biomaterials. Author manuscript; available in PMC 2011 December 1.

Lei et al.

Page 5

NIH-PA Author Manuscript

consisting of sucrose plus 100 µg DNA polyplexes into PEG-VS/MMP hydrogels resulted in
severe aggregation of the polyplexes (Fig. 3D). In contrast, when lyophilized power
consisting of sucrose and agarose plus either 50, 100, 300 or 500 µg DNA polyplexes was
encapsulated into PEG-VS/MMP hydrogels the polyplexes were un-aggregated (Fig. 3E–I).
The polyplex distribution inside PEG-VS/MMP hydrogels was not affected when different
percent PEG was used, with both 6.5% and 5% PEG resulting in similar distribution (Fig.
3G, 6.5%, Fig. 3J, 5%). Introduction of lyophilized powder consisting of sucrose, agarose
and 100 µg DNA polyplexes in PEG-AC (Fig. 3K), HA/MMP (Fig. 3L) and fibrin (Fig. 3M)
hydrogels resulted in un-aggregated polyplexes with similar distribution as in PEG-VS/
MMP hydrogels. In addition, jetPEI/DNA and Lipofectamine/DNA nanoparticles can be
encapsulated into hydrogel through CnE without significant aggregation (Fig. 3N,O). The
distribution of the polyplexes inside the hydrogels was not completely homogeneous, with
more polyplexes localizing into some microdomains. However, both inside and outside these
micro-domains, only un-aggregated polyplexes were observed. The translucency of the
hydrogels decreased linearly as the concentration of polyplexes increased, indicating that the
mass introduced to the hydrogel was not aggregated (Fig. 4A).
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For DNA/PEI polyplexes encapsulated inside PEG-VS/MMP hydrogels no release was
observed in PBS until trypsin was added at 180 hours, indicating that the polyplexes were
not free to diffuse inside the hydrogel. Trypsin addition resulted in the burst release of the
DNA due to the rapid degradation of the hydrogel (Fig. 4B). The mechanical properties of
the PEG hydrogel were affected by the encapsulation of polyplexes. Adding lyophilized
sucrose and agarose without polyplexes slightly increased the storage modulus of the
hydrogels (Fig. 4C, D). The incorporation of 50 µg DNA resulted in the storage modulus a
6.5% PEG hydrogel increased from 400 Pa to 730 Pa and was further increased to 830 and
920Pa when 100 and 300µg DNA were encapsulated respectively (Fig. 4C, D). However,
the mechanical properties of the DNA polyplex containing hydrogels could mimic those of
empty hydrogels by changing the percent of the hydrogel. The storage of a 4.5% PEG
hydrogel loaded with 100 µg of DNA polyplexes was the same as a 6.5% PEG hydrogel
without DNA loading. The finding that the G' and G" did not cross at any measured
frequency (0.1 to 10 Hz) and that the storage and loss modulus were frequency independent
were consistent with hydrogel rheology. The loss tangent values (ratio of G" to G') were
lower than 0.006 for all the hydrogels tested indicating that the hydrogels were highly
elastic.
Cellular characterization in vitro

NIH-PA Author Manuscript

The DNA loading efficiency, which was defined as the ratio of DNA recovered from
hydrogel after degrading with trypsin to the original DNA loaded was found to be above
85% for 50, 100, 300 and 500 µg DNA encapsulated (Fig. 5A). To test the activity of the
polyplexes after CnE encapsulation, polyplexes were recovered from PEG-VS/MMP
hydrogels with 100µg and 300µg loading after trypsin degradation. The recovered
polyplexes were then used to perform a bolus transfection to HEK293 cells and the
transfection level was normalized to that obtained with freshly prepared polyplexes. We
found the encapsulated polyplexes remained about 65% of their original activity (Fig. 5B).
Using the LIVE/DEAD assay it was observed that mesenchymal stem cells were able to
survive and spread inside PEG-VS/MMP hydrogels loaded with 100 µg DNA polyplexes
without significant cell death (Fig. 5C). The activity of encapsulated polyplexes was further
tested in vitro through co-encapsulating polyplexes and NIH/3T3 cells inside fibrin
hydrogels. Gene transfer to NIH/3T3 cells was found to be a function of the DNA loading
and the time of cell incubation. Increasing DNA loading resulted in increasing transgene
expression reaching 20 ng of SEAP protein produced over an 11-day period for the highest
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amount of DNA used (Fig. 5D). The amount of transgene expression each day increased
linearly with increase dose of DNA loaded into the hydrogel (Fig. 5D).
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In vivo characterization of high DNA loaded PEG-VS/MMP hydrogels
The ability of DNA loaded PEG-VS/MMP hydrogels through CnE to mediate gene transfer
in vivo was assessed using a chorionic chick embryo (CAM) assay. PEG-VS/MMP
hydrogels loaded with DNA encoding for β-galactosidase and containing different
percentages of PEG-VS were placed on top of the CAM. Regular encapsulation of
polyplexes (Fig. 6B,C) or the encapsulation of DNA encoding for VEGF (Fig. 6D,G) did not
result in β-galactosidase gene expression determined through X-gal staining. The degree of
β-galactosidase gene expression depended on the percent hydrogel used, with lower percent
gels (5%, Fig. 6E,F) resulting in more robust staining than high percent gels (6.5%, Fig.
6H,I). The N/P ratio used did not seem to affect the transgene expression with N/P equal to
15 (Fig. 6E,H) showing the same transgene expression as N/P equal to 25 (Fig. 6F,I).
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The delivery of DNA encoding for VEGF was able to induce blood vessel formation in the
CAM assay. Gross evaluation of the blood vessels around the implanted hydrogels showed
that hydrogels with no DNA (Fig. 7A), regular encapsulation of DNA (Fig. 7B,C) and
hydrogels loaded with DNA polyplexes encoding for β-galactosidase (Fig. 7D) did not result
in enhanced blood vessel formation. However, all hydrogels containing stabilized DNA
encoding VEGF through CnE resulted in enhanced blood vessel formation around the
implant site (Fig. 7E–J, arrow heads). The robustness of the angiogenic response observed
was dependent on the percent hydrogel used, lower percentage hydrogels (Fig. 7E–H)
resulted in a more robust angiogenic response than higher percentage hydrogels (Fig. 7I,J).
However, the N/P ratio or increasing the dose of DNA did not increase the level of
angiogenesis around the implant (Fig. 7E–H). Evaluation of the blood vessels underneath/
inside the hydrogel scaffold after perfusion showed enhanced micro-vessel formation for all
hydrogels that contained stabilized DNA/PEI polyplexes encoding for VEGF through CnE
(Fig. 7O–R, arrows). Hydrogels with no DNA, or regularly encapsulated DNA resulted in no
micro-vessel formation (Fig. 7L–N). The native CAM is shown in Fig. 7K.

Discussion
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The effective delivery of DNAs or siRNAs locally would increase the applicability of gene
therapy in tissue regeneration and cancer therapy. One approach to deliver drugs locally is to
use hydrogels to retain a high concentration of the drug at the target site [32]. These
approaches have been effective to deliver small molecular drugs, viruses, naked plasmids
and proteins to areas such as solid tumors [9,33,34] and cartilage defects [35] and to deliver
progenitor cells locally [36]. However, the delivery of DNA/cationic polymer nanoparticles
(polyplexes) using hydrogels has not been successful due to aggregation and inactivation of
the polyplexes inside hydrogel scaffolds. The incorporation of polyplexes is challenging due
to the polyplex charge and instability in salt containing solutions. Further, different hydrogel
chemistries pose unique problems to the incorporation of DNA polyplexes; for example the
direct mixing of DNA/PEI polyplexes with HA results in the decomplexation of the
polyplexes since HA is highly negatively charged (data not shown). In this study, we found
a strategy to introduce unaggregated and highly active DNA/PEI polyplexes to hydrogel
scaffolds. In particular, we have found that, as observed with other published reports [37],
lyophilization of the polyplexes in the presence of sucrose retained their activity after
reconstitution (Fig. 1). However, sucrose did not prevent aggregation during hydrogel
formation, with polyplexes showing significant aggregation after hydrogel formation (Fig.
3D). Increasing the viscosity of the gel precursor solution with agarose, however, did
prevent the aggregation during hydrogel formation (Fig. 3) and resulted in hydrogels that
can deliver genes in vitro (Fig. 5) and in vivo (Fig. 6 and 7).
Biomaterials. Author manuscript; available in PMC 2011 December 1.
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The tendency of DNA polyplexes to aggregate at high concentrations of DNA has
complicated their incorporation into hydrogel materials. We have previously shown that the
incorporation of low amounts of DNA polyplexes (< 30µg DNA/100µL gel) into PEG-VS/
MMP scaffolds could be achieved without significant aggregation. However, incorporation
of larger amounts of DNA resulted in severely aggregated polyplexes ([17], Fig. 3B–C). In
order to avoid polyplex aggregation a method that allowed the formation of the polyplexes
in a dilute solution, the lyophilization of the polyplex solution to obtain a powder, and the
resuspension of the powder in the desired volume was investigated. We used sucrose to
protect the polyplexes during the lyophilization process [37]. As expected the activity of the
polyplexes was retained for those polyplexes lyophilized in the presence of sucrose but not
for those lyophilized in the absence of sucrose (Fig. 1B). However, sucrose alone could not
prevent polyplex aggregation during hydrogel formation (Fig. 3D). The introduction of
agarose along with sucrose to the dilute polyplex solution prior to freeze-drying resulted in
polyplexes that were un-aggregated after hydrogel formation with up to 500 µg of DNA
being incorporated. The incorporated polyplexes were not completely uniform inside the
hydrogel scaffolds displaying microdomains with higher concentration of polyplexes (Fig.
3). Inside the microdomains un-aggregated polyplexes were found. We hypothesize that
these microdomains are a result of incomplete dissolution of the microspheres and
microfibers during the formation of hydrogles (Fig. 2), which keep the polyplexes trapped
inside the microspheres. This is to our knowledge the first report of the incorporation of high
concentration, un-aggregated polyplexes into hydrogel scaffolds.
Although the role of agarose in preventing the aggregation of polyplexes inside the hydrogel
scaffolds is clear, its exact mechanism of action is unknown and was not studied in detail in
the present report. However, we can hypothesize that agarose act through slowing polyplex
motion or anisotropic caging in the gel precursor solution. The aggregation rate of
nanoparticles is proportional to their motion and their motion is inversely proportional to the
viscosity of the solution in which they are suspending [38]. Our data showed that agarose,
along with sucrose, increased the viscosity of the gel precursor solution from ~0.3Pa to
~72Pa at low shear rate, which represent the condition for making the gels (Fig. 1C). The
presence of agarose may also “cage” the particles as has been previously suggested for 68
nm latex nanoparticles diffusing in polyacrylamide solutions [39]. Caging the polyplexes
would result in less polyplex to polyplex-polyplex collisions, which is inversely proportional
to the aggregation.
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DNA/PEI polyplexes were successfully loaded into three different hydrogels scaffolds
formed with neutral synthetic polymers (PEG), highly negatively charged natural polymers
(HA) and protein polymers (Fig. 3A–O). Further, three different types of gelation
chemistries were shown to be compatible with the polyplex encapsulation approach,
Michael addition, UV initiated radical polymerization, and enzymatic gelation. These
hydrogel building blocks and gelation chemistries are widely used in biomedical
applications. Thus, we believe that the method described here for the encapsulation of active
polyplexes is widely applicable to other polymers and chemistries. In addition, our results
showed that the process can be used to encapsulate jetPEI/DNA and lipofectamine/DNA
nanoparticles (Fig. 3N,O).
Polyplexes encapsulated inside the hydrogel through the CnE process described here were
found highly active both in vitro and in vivo. The polyplexes recovered from MMP
degradable PEG hydrogel were about 65% of its original activity (Fig. 5B). When
polyplexes were co-encapsulated with NIH/3T3 cells, up to 10 ng of SEAP were produced
daily (Fig. 5D). The SEAP gene expression increased linearly with time (Fig. 5D),
indicating that the polyplexes are distributed throughout the scaffold since the cells can
internalize and process the polyplexes at similar rates through time. In vivo protease

Biomaterials. Author manuscript; available in PMC 2011 December 1.

Lei et al.

Page 8

NIH-PA Author Manuscript

degradable PEG hydrogels were able to deliver DNA to CAM cells as shown by βgalactosidase expression and enhance angiogenesis. Two main mechanisms are
hypothesized to contribute to the gene transfer from the DNA loaded hydrogel scaffolds to
the CAM, polyplex release and cellular infiltration. DNA/PEI polyplexes released from the
hydrogel scaffold after hydrogel degradation transfect cells surrounding the hydrogel as
shown by the β-galactosidase staining around the hydrogels (Fig. 6D–I). As cells from the
CAM infiltrate the scaffold they encounter the entrapped DNA polyplexes and become
transfected leading to β-galactosidase expression inside the hydrogel area (Fig. 6D–I). In
vivo, the transgene expression was also a function of the crosslinking density of the
hydrogel, with hydrogels with less crosslinks resulting in more β-galactosidase transgene
expression (Fig. 6D–I). To ensure that the expressed transgene was present at sufficient
concentration to induce an angiogenic response in and around the hydrogel, plasmid DNA
encoding for VEGF was entrapped within the hydrogel using the method described. An
angiogenic response was observed in all CAMs that contained a hydrogel with pVEGF/PEI
polyplexes entrapped through CnE. The angiogenic response extended out in a radial
orientation toward the CAM (Fig. 7E–J, arrow heads), suggesting that the expressed VEGF
diffused out of the hydrogel area and created a VEGF gradient with the highest
concentration near the hydrogel. In contrast, the vessels observed at the hydrogel area are
highly branched neovessels without preferred orientations (Fig. 7O–R, arrows), suggesting
that the VEGF concentration at the gel area was high and relatively constant.
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Hydrogels capable of effectively delivering DNA or siRNA to cells at the disease site would
have wide applications in tissue regeneration [1], cancer treatment [29–31], stem cell
differentiation and in vivo cell reprogramming [40]. Ideally, these hydrogels would (1) be
composed of materials that are safe and non-immunogenic, (2) be able to achieve prolonged
gene expression, and (3) be able to target delivery to a particular cell type or tissue. In this
report, we demonstrated the incorporation of DNA/PEI polyplexes into hydrogel materials
that are currently used in the clinic, PEG, HA and fibrin. Further, non-viral gene delivery is
considered safe due to its low immunogenicity and limited chance for insertion mutagenesis.
Due to the relative low transfection efficiency and transient expression profile of non-viral
vectors, the ideal hydrogels for the delivery of non-viral DNA should be able to keep
delivering active DNA nanoparticles through the tissue formation process. Thus, hydrogels
with high DNA loading of active polyplexes are essential. Since the expressed gene is likely
needed throughout the tissue formation process the ideal hydrogels would release the DNA
nanoparticles through the action of cell secreted proteases that are present at the various
stages of tissue morphogenesis or adult wound healing. Through making the hydrogels
degradable to MMPs or plasmin we were able to demonstrate one approach of cell-triggered
release. However, one could envision that through the use of different degradable
crosslinkers, degraded by different proteases, cell or tissue specific release could be
achieved since different tissue/cells express different types of proteases.

Conclusion
In summary, we successfully developed a process to load concentrated polyplexes into
hydrogels. With this process: (1) high DNA loading (up to 5µg DNA polypexes/µL of
hydrogel) can be achieved without significant aggregation, (2) the encapsulated polyplexes
remain active to transfect cells both in vitro and in vivo, and (3) various non-viral gene
delivery nanoparticles can be loaded to neutral, charged or protein hydrogels formed through
various chemistries. We believe this process will advance the application of the hydrogel
scaffold mediated gene delivery to tissue regeneration and cancer treatment.
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Figure 1.
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Caged nanoparticle encapsulation (CnE) process. (A) Schematic illustration of the CnE
process. pDNA and PEI are mixed in dilute solution in the presence of sucrose and agarose.
This solution is lyophilized and the dry powder is reconstituted with hydrogel precursor
solution with or without cells before crosslinking to form a hydrogel. (B) Activity of DNA/
PEI polyplexes post lyophilization is maintained by the presence of sucrose. Polyplexes
containing pSEAP were lyophilized in the presence of sucrose at different concentrations.
The lyophilized polyplexes were used to transfect HEK293 cells and the transgene
expression was compared with that of the freshly prepared polyplexes (Fresh). (C) Agarose
significantly increases the viscosity of the hydrogel precursor solution. The viscosity of PEG
hydrogel precursor solution with different compositions was measured using a rheometer
with shear rate ranging from 0.1 to 1000Hz. PEG means a 6.5% PEG (20,000 Da) solution,
+ [DNA/PEI] means adding lyophilized polyplexes (100µg DNA, N/P15), + [Agarose +
Sucrose] means adding lyophilized (1mg agarose + 35mg sucrose), + [Agarose + Sucrose +
DNA/PEI] means adding lyophilized (1mg agarose + 35mg sucrose + polyplexes (100µg
DNA, N/P15). Precursor solution volume is 100µL.
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Figure 2.

Combination of sucrose and agarose results in different powder morphology by SEM.
Lyophilized powders containing different components were coated with gold and imaged
with SEM. (A) Sucrose (35 mg, 20mM). (B) Agarose (1 mg, 0.02% solution). (C) Agarose
and sucrose, (D) DNA/PEI polyplexes and sucrose. (E) DNA/PEI polyplexes and agarose.
(F–K) DNA/PEI polyplexes, sucrose and agarose. (L) PEG hydrogel with agarose, sucrose
and polyplexes. 2x sucrose and 2x agarose indicate 40mM and 0.04% solutions respectively.
Scale bar: A–K: 5 µm; L: 3 µm
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Figure 3.
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Confocal micrographs of the distribution of polyplexes inside 100 µL hydrogel scaffolds.
(A–I, N–O) 6.5% PEG-VS/MMP, (J) 5% PEG-VS/MMP, (K) 6.5% PEG-AC/UV, (L) 3%
HA-AC/MMP, and (M) 5mg/mL fibrin hydrogels. Agents used to condense DNA: A–M: LPEI; N: jetPEI; O: lipofectamine, Reg means regular polyplex encapsulation, where freshly
prepared polyplexes were encapsulated during hydrogel formation. S means sucrose, A
means agarose; x µg means DNA/PEI polyplex containing 0, 50, 100, 300 or 500 µg DNA
at N/P=15 as indicated. Scale bar is 500µm for B–E, 500nm for A, F–O.
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Figure 4.
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In vitro characterization of high DNA loaded hydrogels. (A) Light translucency of high
DNA loaded PEG-VS/MMP hydrogel. Lyophilized (sucrose + agarose + polyplexes
(50~500µg DNA, N/P = 15)) were encapsulated in 100 µL 6.5%PEG-VS/MMP hydrogel.
Light passed through the hydrogels was recorded and normalized to a gel without
polyplexes. (B) DNA release from high DNA loaded PEG-VS/MMP hydrogels. Lyophilized
(sucrose + agarose + polyplexes (50–500µg DNA, N/P = 15)) were encapsulated in 100 µL
of 6.5% PEG-VS/MMP hydrogel and incubated in PBS (pH = 7.4) for 180-hrs before being
degraded with 0.25% trypsin. DNA was quantified with HOECHST dye. (C, D) Storage (G')
and loss (G") modulus of various PEG-VS/MMP hydrogels. Lyophilized (sucrose + agarose
+ polyplexes (0~300µg DNA, N/P = 15)) were encapsulated in 100µL 6.5% PEG-VS/MMP
hydrogel (except one sample with 4.5% PEG as indicated with a *). G' and G" were
measured with rheometer and compared to the hydrogel without sucrose, agarose and
polyplexes (labeled as No particle). The overall G', G" (C) and the G', G" over the entire
frequency (D) were shown.
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Figure 5.
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Sucrose and agarose allow for the introduction of active DNA/PEI polyplexes to hydrogels.
(A) DNA loading efficiency. PEG hydrogels with 50 to 500 µg DNA through CnE process
were degraded with 0.25% trypsin. The ratio of recovered DNA over the DNA used for
making the hydrogel times 100 was defined as loading efficiency. (B) Polyplex’s activity
after CnE encapsulation. Polyplexes recovered from PEG-VS/MMP hydrogels with 100
(100 R) or 300µg DNA (300 R) were used to transfect HEK293 cells. The activities were
normalized to that of the freshly prepared polyplexes (F). Transfections were done using
1µg DNA. (C) LIVE/DEAD cell staining for mMSCs at day 15, green indicates live cells
and red indicates dead cells. Lyophilized polyplexes containing 50 µg DNA at N/P = 15 or
25 were encapsulated into 100µL PEG-VS/MMP hydrogel using CnE. (D) Polyplex’s
activity in fibrin hydrogels after CnE. NIH/3T3 (100,000 cells/100µL gel) and lyophilized
polyplexes (N/P = 15) encoding for SEAP were co-encapsulated into fibrin (5mg/mL)
hydrogels. The expression of SEAP protein was recorded with time and plotted as a kinetic
or cumulative expression.
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Figure 6.
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DNA loaded hydrogels using CnE resulted in gene transfer in vivo. PEG-VS/MMP
hydrogels loaded with polyplexes through regular polyplex encapsulation (B,C) or CnE
encapsulation (A, D–I) were placed on top of CAM for 3 days. The gels with CAM were
cut, fixed and stained with x-gal solution for 24hrs. Positive β-galactosidase expression
resulted in blue color. x µg DNA means 0 or 100 µg DNA as indicated, pVEGF or pβgal
indicate the plasmid used to for DNA/PEI polyplexes, NP15 or NP25 indicate NP = 15 or 25
as indicated and 5% or 6.5% indicate the percent PEG-VS/MMP hydrogel used. The symbol
* indicates the polyplexes encapsulated using the regular encapsulation approach. The dash
line outlines the edge of the hydrogel and G indicates the gel area.
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Figure 7.

DNA loaded hydrogels using CnE resulted in enhanced angiogenesis in a CAM model. The
top panel illustrates the blood vessel network of the CAM (left). PEG-VS/MMP hydrogels
with polyplexes containing pVEGF were placed on top of the CAM for 3 days (right).
pVEGFs were transferred to cells and produced a high concentration of VEGF at the gel
area, which resulted in hyperbranced neovessels (arrow). VEGFs diffusing out the gel
created a decreasing VEGF gradient around the gel and led to radial neovessels around the
gel (arrowheads). Gross pictures on the gel edges (A–J) were recorded before the CAMs
were infused with FITC-dextran for fluorescent imaging (K–R) at the gel area. Induced
neovessels were found both around the gels (E–J, arrow heads) and at the gel area (O–R,
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arrows) with pVEGFs through the CnE process, which were not found in the negative
controls (A–D, K–N). x µg DNA means 0, 100 µg or 300 µg DNA as indicated, pVEGF or
pβgal indicate the plasmid used to for DNA/PEI polyplexes, NP15 or NP25 indicate NP =
15 or 25 as indicated and 5% or 6.5% indicate the percent PEG-VS/MMP hydrogel used.
The symbol * indicates the polyplexes encapsulated using the regular encapsulation
approach. The dash line outlines the edge of the hydrogel and G indicates the gel area. Scale
bar: K–R: 200µm
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